5-Hydroxymethylcytosine (5-hmC) may represent a new epigenetic modification of cytosine. While the dynamics of 5-hmC during neurodevelopment have recently been reported, little is known about its genomic distribution and function(s) in neurodegenerative diseases such as Huntington's disease (HD). We here observed a marked reduction of the 5-hmC signal in YAC128 (yeast artificial chromosome transgene with 128 CAG repeats) HD mouse brain tissues when compared with age-matched wild-type (WT) mice, suggesting a deficiency of 5-hmC reconstruction in HD brains during postnatal development. Genome-wide distribution analysis of 5-hmC further confirmed the diminishment of the 5-hmC signal in striatum and cortex in YAC128 HD mice. General genomic features of 5-hmC are highly conserved, not being affected by either disease or brain regions. Intriguingly, we have identified disease-specific (YAC128 versus WT) differentially hydroxymethylated regions (DhMRs), and found that acquisition of DhmRs in gene body is a positive epigenetic regulator for gene expression. Ingenuity pathway analysis (IPA) of genotypespecific DhMR-annotated genes revealed that alternation of a number of canonical pathways involving neuronal development/differentiation (Wnt/b-catenin/Sox pathway, axonal guidance signaling pathway) and neuronal function/survival (glutamate receptor/calcium/CREB, GABA receptor signaling, dopamine-DARPP32 feedback pathway, etc.) could be important for the onset of HD. Our results indicate that loss of the 5-hmC marker is a novel epigenetic feature in HD, and that this aberrant epigenetic regulation may impair the neurogenesis, neuronal function and survival in HD brain. Our study also opens a new avenue for HD treatment; re-establishing the native 5-hmC landscape may have the potential to slow/halt the progression of HD.
INTRODUCTION
DNA methylation constitutes a critical epigenetic modification that plays pivotal roles in chromatin structure remolding, gene silencing, embryonic development, differentiation and maintenance of cellular identity (1 -5) . In mammals, methylations at the fifth position of cytosine (5 mC) are catalyzed by de novo methyltransferases (DNMT3a, DNMT3b) and subsequently maintained by DNMT1 (6 -9) . In mammalian central nervous system (CNS), 5 mC plays a significant role in the temporal control of neural differentiation and neurodevelopment (10, 11) , and alternation in the 5 mC profile of genomic DNA has been recently linked to some neurological disorders such as hereditary sensory and autonomic neuropathy type-1 (12) autosomal-dominant cerebellar ataxia deafness and narcolepsy (ADCA-DN) (13) , Rett syndrome-like phenotypes (14) , HD (15) and Alzheimer's disease (16) .
Recent studies demonstrate that 5 mC can be converted to 5-hydroxymethylcytosine (5-hmC) by the ten-eleven translocation (TET) family proteins through Fe (II) and alpha-ketoglutaratedependent hydroxylation (17, 18) . 5-hmC is preferentially enriched in several cell types, including self-renewing and pluripotent stem cells (17, 19) and certain neuronal cells (20) . Although 5-hmC in mouse embryonic stem (ES) cells exists at an extremely high level, it decreases significantly during ES cell differentiation (17, 21) , and then reconstructs during the developmental process resulting in an elevated 5-hmC level in terminally differentiated cells, such as Purkinje neurons (20) . The fact that 5-hmC is roughly 10-fold more enriched in neurons than in some peripheral tissues or ES cells (20, (22) (23) (24) suggests that 5-hmC is a stable epigenetic modification which may provide an epigenetic signature specific to a particular neuronal function or dysfunction in the brain. Consistent with this notion, recent studies with genome-wide mapping of 5-hmC in the cerebellum and hippocampus revealed the enrichment of 5-hmC in developmentally activated genes or cell type-active genes (24) (25) (26) . These studies point to a critical role of TET-mediated 5-hmC modification in CNS developmental processes and hint at the possibility that deviation of 5-hmC levels from these signature patterns may associate with diseases.
Huntington's disease (HD) is an autosomal-dominant inherited, fatal neurodegenerative disorder characterized by chorea, gradual but inexorable cognitive decline and psychiatric disturbances (27, 28) . HD is caused by the expanded polyglutamine (polyQ) stretch in the amino-terminus of huntingtin protein (HTT), a 350 kDa ubiquitously expressed protein of unknown function (27, 29, 30) . Despite the extensive studies regarding the gain-of-toxic function of polyQ expansion in HTT exp (31) (32) (33) (34) (35) (36) (37) (38) (39) (40) (41) (42) (43) , the exact mechanism(s) underlying the cause of neurodegeneration in HD remain obscure. Given that 5-hmC may function as a new epigenetic marker in the CNS, we sought to determine whether HTT exp might derange this new epigenetic modification.
A yeast artificial chromosome transgenic mouse model of HD (YAC128, with 128Q-stretch) is a well-characterized HD mouse model that harbors a full-length mutant huntingtin, which can faithfully recapitulate many of the behavioral and neuropathological features of the human condition (38, (44) (45) (46) (47) (48) . Since the striatum is the most vulnerable region relative to other regions such as cortex in HD, in this study, both striatum and cortex regions from WT and HD mice were analyzed, and this pairwise comparisons between each age, genotype and tissue could provide novel insights into the HD-specific links between 5-hmC modification and HD pathogenesis.
By employing a selective chemical labeling method for 5-hmC reported recently (49), we have generated the first genome-wide maps of 5-hmC in striatum and cortex from both WT and YAC128 HD mice brains. Herein, we provide evidence showing that loss of the 5-hmC marker is a new epigenetic feature of HD, and that this aberrant epigenomic regulation of 5-hmC may impair neurogenesis, neuronal survival and functions in HD brain at a very early stage, contributing to the striatal and cortical neuronal loss in advanced HD. Of potentially therapeutic significance, our study also opens a new possible avenue for HD treatment by showing it may be possible to target the cellular/biochemical pathways, and thereby potentially reestablishing the 5-hmC levels and landscape in HD brains.
RESULTS
Marked reduction of 5-hmC in whole genome of YAC128 HD mouse brain
Basing on the fact that 5-hmC is highly enriched in terminally differentiated neurons (20, (22) (23) (24) and the importance of 5-hmC in developmental processes (24, 25, 26) , we sought to determine whether HTT exp might derange this new epigenetic modification. YAC128 mouse is a HD mouse model that can faithfully recapitulate the pathological progression of the disease in humans. The main characteristic of the disease is neuronal loss in the striatum region of the brain. However, neurons that are absent from the cortex region also occurs in advanced HD patients. Dot-blots of 5-hmC from striatum and cortex DNA samples of 6-week-, 3-month-and 8-month-old mice (n ¼ 5) revealed that the levels of 5-hmC increased substantially with age in both striatum and cortex, with the highest 5-hmC levels peaking at 3 months of age ( Fig. 1A and F) . Surprisingly, YAC128 HD striatum and cortex samples exhibited markedly lower content of 5-hmC when compared with age-matched wildtype (WT) brain tissues ( Fig. 1A and F) . To test whether the change of 5-hmC levels is specific for striatum and cortex, DNA samples of hippocampus, cerebellum and peripheral tissues-tails from WT and YAC128 HD mice were also compared. The reduction of 5-hmC levels in YAC128 mouse brains could also be detected in hippocampus but not in cerebellum and peripheral tissues such as tails (Supplementary Material, Fig. S1 ), indicating that the decrease of 5-hmC levels in YAC128 HD is brain regional specific and neuronal tissue specific. Immunofluorescence (IF) experiments further confirmed a significant reduction of 5-hmC in both striatum and cortex of HD brains (Fig. 1B -E ), suggesting that a significant reduction of 5-hmC is a genomic feature in HD brains. Consistent with a recent study of the 5-hmC distribution in cerebellum and hippocampus (24), we also observed the perfect colocalization of the 5-hmC signal with NeuN, a marker of mature neurons, in both striatum and cortex, indicating that 5-hmC build up may occur primarily in neurons in mammalian brains.
To gain a genome-wide view of 5-hmC distribution, we next employed a 5-hmC-specific chemical labeling and enrichment technology coupled with high-throughput deep sequencing of 5-hmC-containing DNA fragments (49) . Striatal and cortical DNA samples from the brains of 3-month-old WT/YAC128 mice were prepared and deeply sequenced to determine the effect of HTT exp on the 5-hmC epigenome at the early stage of HD. About 41.3, 40.8 42.6 and 34.1 million reads were obtained from WT striatum, YAC128 striatum, WT cortex and the YAC128 cortex DNA samples, respectively. When the reads from these four samples were mapped to the mouse reference genome (mm9), reads mapped to multiple locations were filtered out, leaving 20.4, 16.6, 22.9 and 18.4 million uniquely mapped reads that were used for subsequent analysis ( Table 1) . Clusters of read (peaks) were then identified by using MACS software (50 Genome-scaled distribution and epigenomic characteristics of 5-hmC in YAC128 brains
The genome-scaled density of 5-hmC reads of each sample was determined using the binned data and visualized in an IGV Browser (IGV 1.4.2, http://www.broadinstitute.org/igv/). As shown in Figure 2A , the global 5-hmC density of WT striatum and cortex tissues was much higher than those in YAC128 counterparts, which was consistent with the dot-blot results, the 5-hmC IF results and the peak counts. The 5-hmC distribution pattern in different chromosomes was unremarkable among four samples and was consistent with previous results from cerebellum and hippocampus (24) (Fig. 2B ). Clustering analysis clearly showed distinctive patterns of cortex-and striatumspecific 5-hmC enrichment (Fig. 2C) . The same brain regions with different genotypes (WT or YAC128) exhibit similar cluster distribution patterns, though the genotype-specific cluster distribution pattern could still be noted in both WT and YAC128 samples (Fig. 2C ).
Our genome-wide mapping results showed that 5-hmC was enriched in gene bodies (including exons, introns, 5
′ and 3 ′ UTRs), and depleted in intergenic regions ( Fig. 2D -F) . In addition, 5-hmC distributed in repetitive elements similarly among the four samples, with 80% of the repetitive element-mapped reads distributing in LINEs, SINEs and LTRs (Fig. 2G) . We also examined the levels of 5-hmC in CpG islands of the genome in comparison with their flanking sequences. 5-hmC was enriched in intragenic CpG islands but depleted in promoter and intergenic CpG islands (Fig. 3A -D) . Therefore, the distribution patterns of 5-hmC in different categories of genomic regions are highly conserved and not affected by genotypes (WT and YAC128) and neuronal tissues (striatum and cortex).
Identification of disease-related differential 5-hmC regions (DhMRs) in YAC128 brain tissues Recent studies reported that DhMRs varies between different mouse brain development stages, different brain tissues (cerebellum versus hippocampus) (24) and even different neuronal cell types (26) , suggesting that genomic 5-hmC enriched loci may serve as a novel epigenetic modification involved in gene regulation. Therefore, we asked whether expression of HTT exp in brains may perturb the DhMR construction. Pairwise comparisons of 5-hmC peaks between WT and YAC128 samples from either striatum or cortex allowed us to identify the disease-related (i.e., genotype-specific) DhMRs at the genomewide level (Table 2) . YAC128 mice at 3 months of age do not show any motor and pathological defects, therefore, identification of HTT exp -gained/lost DhMRs of 3-month-old mice can provide new insights into the links between 5-hmC modification and HD onset. We identified 747 DhMRs in striatum of which 49 were up-regulated and 698 were down-regulated in YAC128 striatum comparing with WT striatum (Fig. 3E and F 
Correlation of disease-related DhMRs with gene transcription
Whether 5-hmC modification positively or negatively regulate gene expression remains elusive. We therefore investigated the correlation of 5-hmC-enrichment in genes with the gene mRNA levels. Nine genes were selected based on their 5-hmC contents in different genotypes of different tissues, Creb5, Dnm2 and Gnaq manifested significantly higher 5-hmC peaks in WT striatum than in YAC128. Grm3, Gabbr2, Trpc7 had higher 5-hmC peaks in WT cortex than in YAC128. Ryr3, Grid2 and Capn2 possessed significantly higher 5-hmC peaks in YAC128 cortex than in WT. Our Q-PCR results revealed that, except in Grm3 gene, all other DhMRs-containing genes (such as striatal Creb5, Dnm2, Gnaq and cortical Gabbr2 and Trpc7 in WT brains, and cortical RyR3, Grid2, Capn in YAC128 brains) exhibited a positive correlation with their mRNA levels in the tissues of two different genotypes ( Fig 
Implications of aberrant 5-hmC epigenome on HD pathogenesis
Gene ontology analysis of the 436 genes with disease-related DhMRs in striatum and 199 genes in cortex allowed us to identify the canonical pathways and biological functions which could be important for HD onset. The ingenuity pathway analysis (IPA) of striatum-DhMRs-containing genes cataloged a number of canonical pathways such as Wnt/b-catenin signaling, axonal guidance signaling, GABA receptor signaling, glutamate receptor signaling, Dopamine-DAPRR32 feedback in cAMP signaling, mTOR signaling and synaptic long-term potentiation (Supplementary Material, Fig. S4A and Fig. 5A and B; Supplementary Material, Dataset S7). A few of these pathways such as glutamate receptor signaling, CREB signaling in neurons also appeared in IPA-cataloged pathways of cortex-DhMRs-genes (Supplementary Material, Fig. S4C ; Supplementary Material, Dataset S7), suggesting that striatum and cortex may share some common pathological mechanisms in HD. Intriguingly, striatum-specific IPA-clustered pathways such as Wnt/b-catenin/Sox pathway, axonal guidance signaling, GABA receptor signaling and Dopamine-DAPRR32 feedback in cAMP signaling clearly represent striatum selective pathological mechanisms. In support of the effectiveness of our IPA pathway identification results, aberrant glutamate receptor/calcium signaling/dopamine signaling/ neuronal CREB signaling pathways have been previously implicated in HD pathogenesis (35, 39, 40, 42, 46, (51) (52) (53) (54) (55) (56) (57) (58) (59) (Fig. 5A ). More interestingly, we observed that dysregulation of the Wnt/ b-catenin/Sox pathway and the axonal guidance signaling pathway, which are very important for neurogenesis and neuron survival (60, 61) , could be a new pathological mechanism(s) for HD onset (Fig. 5B) . Genes involved in each specific pathway are listed in Supplementary Material, Dataset S7. A read is a putative 5-hmC-containing DNA fragment that has been sequenced. Uni-map reads are the reads that map to a unique locus in the genome. A peak is a cluster of uni-map reads identified using the MACS software. Genes that contain peaks can also be identified. IPA of DhMR-annotated genes cataloged a variety of functions such as tissue development, embryonic development, nervous system development and function, organ development, cell-to-cell signaling and interaction, behavior, cellular assembly and organization, molecular transport, cardiovascular disease and genetic disorder that may be related to striatum pathology (Supplementary Material, Fig. S4B ; Supplementary Material, Dataset S8). Similar to IPA-pathway results, some of these functions also appeared in IPA cataloged functions of cortex DhMR genes (Supplementary Material, Fig. S4D ; Supplementary Material, Dataset S8), suggesting that some dysfunctions affected by HTT exp were similar in striatum and cortex in HD. A number of striatum-specific IPA-clustered functions such as behavior, molecular transport, cardiovascular disease and genetic disorder may represent striatum selective pathological mechanisms. Genes involved in each specific function are listed in Supplementary Material, Dataset S8.
DISCUSSION
In this study, we observed that mutant huntingtin (HTT exp ) is associated with a marked reduction of the 5-hmC landscape, indicating that loss of the 5-hmC marker is a new epigenetic feature of HD. Moreover, we found that acquisition of DhMRs in gene bodies is a positive regulator for neuronal gene expression. Thus, by perturbing the normal regulation of 5-hmC epigenome, HTT exp could disturb gene expression and cause neuronal dysfunction long before any signs of neuronal death. We identified a number of pathways involving neuronal development/maturation and neurotransmitter signaling that could be important for the onset of HD. Our study also points to a new avenue for HD treatment, reestablishing 5-hmC levels and landscape may have the potential to slow/halt the progression of HD.
YAC128 mice as models of HD
Selective degeneration of striatal neurons is a pathologic hallmark of HD, and neurons missing in the cortex region have DhMRs of a pair of samples were identified using the MACS software with one sample as the control and the other as the treatment. The DhMRs identified in such a way represent 5-hmC regions whose 5-hmC contents were higher in the treatment sample. Another set of DhMRs was acquired if the control and treatment samples were switched. Eight pairwise comparisons between striatum and cortex in WT and YAC128 were conducted. The comparisons of certain pairs of samples were not defined and were labeled as ND.
also been shown to occur in advanced HD patients. Several HD mouse models have been created to study the underlying mechanisms for HD (38) . YAC128 transgenic mice express a mutant huntingtin gene containing 128 CAG repeats under the human endogenous regulatory elements (44) . YAC128 mice exhibit slow progressive motor deficits, cognitive impairment, shortened lifespan and progressive selective degeneration of striatal neurons, thereby recapitulating many key features of the human disease (38, (44) (45) (46) (47) (48) ; therefore, the results obtained from YAC128 HD mice are expandable to human disease conditions. YAC128 HD mice do not show apparent motor and neuropathological deficits at 3 months of age (44, 46) . Since we aimed to explore the potential role of 5-hmC in HD onset, we generated detailed 5-hmC epigenomic maps from mouse brains at 3 months of age which represents the early stage of the disease. Because we were using a mixture of genomic DNAs extracted from five mice from either WT or YAC128 brains, the variations of different individuals in 5-hmC epigenome can be excluded in our study.
Loss of 5-hmC in HD neurons
It has been recently recognized that 5-hmC distribution undergoes an interesting dynamic change in the entire genome during development. The level of 5-hmC in mouse ES cells is quite high. It decreases significantly during ES cell differentiation (17, 21) , then rebounds during the developmental process resulting in elevated 5-hmC in terminally differentiated cells, particularly in neurons (20, 23, 24, 49, 62) . Consistent with a recent report that 5-hmC levels increase during postnatal development in cerebellum and hippocampus (24), we observed a substantial increase in 5-hmC in both striatum and cortex regions, with the highest level observed at 3 months of age, followed by reduced levels at 8 months of age, suggesting that continuous remodeling of the 5-hmC epigenomic architecture takes place in striatum and cortex. More importantly, by comparing 5-hmC levels between age-matched DNA samples from WT and HD mouse brain, we found that 5-hmC markedly decreased in both striatum and cortex in YAC128 mice as early as 6 weeks of age, indicating that HTT exp somehow causes deficiencies in the 5-hmC landscape in HD neurons (Fig. 1A and F) . A genomewide mapping of 5-hmC reads density of 3-month-old brain tissues authentically confirmed the significant diminishment of 5-hmC in YAC128 striatum ( 55% reduction in peak number) and cortex ( 40% reduction in peak number) ( Fig. 2A , Table 1 ). Thus, genome-wide loss of the 5-hmC marker is a new epigenetic feature of HD, and the decrease of 5-hmC signal could be potentially regarded as a biomarker for HD.
The mechanism(s) underlying the deficiency of 5-hmC reconstruction during postnatal neuronal development in HD brain need to be resolved. Dysfunction of Tet family members presumably influences 5-hmC levels (17, 18) , and MeCP2 may also regulate 5-hmC levels through neuronal activity-dependent DNA demethylation (63) (64) (65) . No Tet and MeCP2 mutations have been reported in HD, suggesting that other mechanism(s) interfering with 5-hmC homeostasis may play a role in downregulation of 5-hmC in HD. Intriguingly, we observed that the significant down-regulation of Tet2, Tet3 and up-regulation of MeCP2 may account for one of the molecular mechanisms underlying global loss of 5-hmC in YAC128 striatum (Supplementary Material, Fig. S3A ). However, expression levels of Tet2, Tet3 and MeCP2 failed to show detectable changes in YAC128 cortex (Supplementary Material, Fig. S3B ), suggesting that tissue-specific mechanisms may apply to 5-hmC diminishment in HD cortex. Unlike the striatum-specific reduction of the expression of Tet2 and Tet3 in YAC128 HD mice, Tet1 expression decreases in both striatum and cortex of YAC128 brains (Supplementary Material, Fig. S3 ), suggesting that reduction of 5-hmC levels in cortex may be caused by lower expression of Tet1 in YAC128 brains. HTT exp has been shown to bind directly to DNA (66) , raising the possibility that HTT exp may directly affect the accessibility of epigenetic modifiers to genome. HTT exp also change the neuronal activity (35, 40, 42, (51) (52) (53) (54) , and normal neuronal activity has been known to cause localized loss of DNA methylation (65, (67) (68) (69) . Other factors such as HTT exp -altered histone modifications (70) (71) (72) (73) (74) (75) and DNA-bound transcription factors (15, 43, 76, 77) affecting DNA methylation could also influence 5-hmC levels indirectly. The full mechanistic details of mutant HTT-induced loss of 5-hmC in HD neurons remain to be determined.
Epigenomic features of 5-hmC in HD brains
Large-scale methylome data indicate that cytosine methylation is present throughout mammalian genomes (in intergenic regions, coding regions, mobile elements and certain promoters) and an inverse correlation between cytosine methylation and CpG density: CpG-poor DNA, which comprises most of the genome, shows high levels of cytosine methylation, whereas CpG islands remain mostly unmethylated (78, 79) . We observed that 5-hmC peaks tended to be depleted in CpG islands in promoter and intergenic regions, but were highly enriched in the intragenic CpG islands, suggesting that promoter and intergenic CpG may have a specific mechanism to protect from 5-hmC modification. Consistent with recent reports of 5-hmC distribution in hippocampus and cerebellum (24) and in ES cells, (80 -83) , our data revealed that the distribution patterns of 5-hmC in different categories of genomic regions are highly conserved in different brain tissues and not penetrated by HTT exp .
Correlation of DhMR with gene transcription
It is well established that methylated DNA at the gene promoter region blocks the binding of transcriptional factors and thus represses gene expression (84) . While 5-hmC has been proposed to serve as either a stable epigenetic modification to DNA that is distinct from 5-mC or an intermediate of 5-mC demethylation, the association between 5-hmC enrichment and the gene transcription activity remains an open question (19, 49, 80, 81, (85) (86) (87) . Genome-wide expression profiling of Tet1-depleted mouse ES cells revealed that Tet1 may have both repressive and activating functions on its direct target genes (81, 88, 89) , and a reduced 5-hmC level was associated with both up-and down-regulated genes in melanomas compared with nevi (90), suggesting that 5-hmC may play dual functions in transcription regulation in ES or cancer cells. In this study, we examined the expression level of genes which were genotype-specifically acquired DhMRs in WT or in YAC128 brain tissues, and found that eight out of nine genes with DhMRs are positively correlated with gene transcription (Fig. 4A , C and E, Supplementary Material, Fig. S2A -L) . We did not find any examples of gene transcription that were negatively associated with 5-hmC enrichment. The genomic IGV view of disease-related DhMRs of those genes indicated that 5hmC-enriched loci occurred mainly in introns of the gene bodies (Fig. 4B, D and F, Supplementary Material, Fig. S2A -L) , suggesting that intragenic 5-hmCenrichment is likely a positive epigenetic regulator of gene expression. Our findings are in agreement with a recent report that 5-hmC is associated with developmentally activated genes and actively transcribed genes in cerebellum and hippocampus of mouse brains (24) . Furthermore, in cerebellum neurons, many actively transcribed genes display both significant 5-hmC enrichment within the gene bodies and the depletion of 5 mC (26). Therefore, it is possible that the regulation of 5-hmC and associated gene transcription in neuronal cells are different from that in dividing cells such as ES and cancer cells.
Functional implications of disease-related DhMRs
In this study, by cataloging the genes acquiring genotypespecific DhMRs in striatum and cortex samples, we identified a number of changed pathways and functions that may be important for HD onset. Some pathways such as glutamate receptor signaling, calcium signaling, dopamine-DAPRR32 feedback signaling and neuronal CREB signaling have been previously associated with neurodegeneration in HD (35, 39, 40, 42, 46, 51-54, 56-59, 91) . It is well established that CREB-mediated transcription plays a key role in neuronal functions and neuronal survival. Several lines of evidence (15, 39, (57) (58) (59) including the present study (Fig. 5A ) observe that CREB functionality is significantly decreased in HD neurons. Moreover, our data here demonstrated that not only CREB itself but also upstream members such as AMPAR, VDCC-a1C, IGluR-d2 (ionotropic glutamate receptor d2) and CaMKIV were down-regulated due to decreased 5-hmC during the early stage in HD. Therefore, epigenetic alternations in the 5-hmC marker of CREB pathway members may contribute to the early pathogenic process in HD. It is somewhat surprising that pathways involving neurogenesis/neuronal differentiation such as Wnt/b-catenin/Sox pathway and axonal guidance signaling are highly enriched in IPA analysis of disease-related striatum-DhMR-marked genes (Supplementary Material, Fig. S4A,B and 5B; Supplementary Material, Dataset S7). The Wnt/b-catenin/Sox pathway regulates both the proliferation of neural progenitor cells and their differentiation to neurons in the subventricular and subgranular zones (SVZs) (92) (93) (94) . Moreover, the Wnt signaling pathway is an obligate component of neural progenitor cell differentiation into neurons via activation of NeuroD1 (60, 61) , which is a key factor for neurogenesis, differentiation and neuron survival. Genes associated with neurogenesis and neuronal differentiation (Supplementary Material, Dataset S7) such as Wnt4, Wnt9B, LRP6, NLK, Sox5, SFRP1, Slit1, Slit3, EPHA7 and Kalrn show decreased 5-hmC signals and presumably lower expression levels in HD striatum. Our findings here are consistent with the recent literature, indicating that disturbed neurogenesis is involved in pathogenesis of HD (95, 96) . Our data also suggest that delayed and/or insufficient endogenous neurogenesis to counteract the striatum neuropathology may occur at a very early stage of HD. Several reagents that potentiated SVZ neurogenesis have been shown to be beneficial in HD mouse models (97) (98) (99) (100) , manifesting the important role of impaired neurogenesis in HD onset. Therefore, reconstructing the 5-hmC epigenome in HD brains could form a new therapeutic target against HD onset/progression.
MATERIALS AND METHODS

Preparation of genomic DNA
YAC128 HD transgenic mice were obtained from The Jackson Laboratory (Bar Harbor, ME, USA). Generation and breeding of YAC128 transgenic mice (FVBN_NJ background strain) have been described previously (44) . Striatum and cortex regions were dissected from 6-week-, 3-month-, and 8-month-old female mouse brains as described previously (53, 101) . Genomic DNA was prepared using a Wizard Genomic DNA Purification kit (Promega Cat.:A1120) by following the manufacturer's instructions. Equal amounts of genomic DNAs extracted from either striatum or cortex in WT mice (n ¼ 5) were pooled together and named as WT striatum or WT cortex DNA sample, respectively. YAC128 mouse brain striatum and cortex DNA samples were prepared similarly. The four groups of genomic DNA samples were named as WT striatum, YAC128 striatum, WT cortex and YAC128 cortex, respectively. All animal experiments were reviewed and approved by the Institute of Zoology Institutional Animal Care and Use Committee and were conducted according to the committee's guidelines.
Immuno-dot-blot assay
Genomic DNA from 6-week-, 3-month-and 8-month-old WT and YAC128 mice brain striatum and cortex was denatured in TE buffer for 10 min at 958C and immediately chilled on ice for 5 min. Dot blot was performed on a Bio-Dot Apparatus (#170-6545,Bio-Rad). 10, 20 and 50 ng of each DNA sample was spotted on the positively charged nylon membrane, respectively, then the membrane was baked for 2 h at 808C until completely dry, followed by UV254 crosslink for 10 min to fix DNA on the membrane. The membrane was then blocked briefly with 5% non-fat milk for 1.5 h at room temperature. The primary rabbit anti-5-hydroxymethylytosine antibody (1:10000, #39769, Active Motif) was applied to the membrane and incubated at RT for 1 h or overnight at 48C. After incubation with a peroxidase-conjugated anti-rabbit IgG secondary antibody, the signal was visualized by using ECL (Millipore). The dot-blot densities were analyzed with Image J software. The 5-hmC signals were normalized to 6-week-old YAC128 striatum 5-hmC density. The 5-hmC-containing DNA was used as a positive control, and the normal C, 5-mC, 5-carC-containing DNA were used as the negative controls to verify the specificity of 5-hmC antibody.
Immunofluorescent stainings of 5-hmC
Six-week-and 4-month-old WT and YAC128 mice were anesthetized with pentobarbital sodium (8 mg per kg) and perfused with phosphate-buffered saline, followed by perfusion with 4% paraformaldehyde (W/V). Brains were then dehydrated in 30% sucrose (W/V). Brain sections (35 mm) were prepared with a cryomicrotome (Leica, CM1900). For 5-hmC immunostaining, sections were treated with 1 M HCl at 378C for 30 min followed by blocking with 5% FBS in PBS. For primary antibodies, we used a rabbit antibody against 5-hmC (1:20 000, #39769, Active Motif), mouse antibody against neuronal nuclei (1:500, #MAB377, Millipore). For secondary antibodies, we used donkey against mouse IgG conjugated with Alexa488 (1:500, #A11008, Invitrogen) and donkey against rabbit IgG conjugated with Alexa546 (1:500, #A11031, Invitrogen). Sections were counter-stained with the nuclear dye Hochest33324 (#B2261, Sigma). All images of striatum and cortex were taken using a microscope (Leica DMI6000 B TIRF MC) with the same capture parameters.
5-hmC specific chemical labeling and affinity purification
Purified genomic DNA was sonicated into short fragments by Covaris DNA shearing with microTUBEs according to manufacturer's instructions. Then 5-hmC labeling reactions were performed in 75 ml solution containing 50 mM HEPES buffer (pH7.9), 250 mM MgCl 2 , 100 mM UDP-6-N 3 -glucose and 80U b-glucosyltransferase. The reaction was incubated for 2 h at 378C. After the reaction, DNA substrates were purified and buffer-exchanged in H 2 O via Bio-Rad-Spin columns according to the manufacturer's instructions. Click chemistry was performed with the addition of 150 mM biotin into the DNA solution and incubated for 2 h at 378C. The DNA samples were then purified by Invitrogen Dynabeads MyOne TM Streptavidin C1 according to manufacturer's instructions.
Sequencing of 5-hmC-enriched genomic DNA 5-hmC enriched genomic DNA libraries were generated following the Illumina protocol for 'Preparing Samples for CHIP sequencing of DNA'. Then, 20 ng of 5-hmC enriched DNA was used to initiate the protocol. DNA fragments were gel purified after the adapter ligation step. PCR-amplified DNA libraries were quantified on an Agilent 2100 Bio analyzer using a quantitative PCR. We performed 100 bp single end sequencing on Illumina Hiseq2000 to get a 5-hmC-enriched DNA fragment sequence.
Sequence alignment and peak identification
FASTQ sequence files of WT striatum, YAC128 striatum, WT cortex and YAC128 cortex were aligned to the mouse genome (mm9) using Bowtie 0.12.7. In order to improve the quality of the reads, we removed 5 and 10 bases from the 5 ′ and 3 ′ ends of the reads, respectively. A read containing the remaining 85 bases was mapped to the genome with no more than three mismatches in the first 75 bp. If a read was mapped to a unique locus of the genome, it was named as a uni-map read. The analysis of genomic distribution of 5-hmC was conducted using these uni-map reads.
Peak identification was performed using a Poisson-based peak identification algorithm (MACS) (50) with uni-map reads. Parameters were as follows: effective genome size ¼ 2.7 × 10 9 ; tag size ¼ 85; band width ¼ 300; q-value cutoff ¼ 0.05; other parameters were set to default values.
DhMRs identification
The MACS software was used again to identify DhMRs (differentially hydroxymethylated regions) between two samples with one as the control and the other as the treatment. These DhMRs represented peaks whose 5-hmC content was significantly higher in the treatment sample than in the control sample. Then another set of DhMRs were identified by switching the control and treatment samples. The parameters were set as the following: effective genome size ¼ 2.7 × 10 9 ; tag size ¼ 85; band width ¼ 300; q-value cutoff ¼ 0.05; other parameters were set to default values. Genotype-specific (i.e., disease-related) DhMRs were identified by bidirectional comparisons between WT and YAC128 samples from striatum (or from cortex).
Mapping 5-hmC reads to various genomic regions
Mapping of 5-hmC reads, or peaks, or the DhMRs to different types of genomic regions such as exons and introns was performed by comparing the coordinates of uni-map reads with the coordinates of these genomic regions, which were obtained from the University of California Santa Cruz tables for mm9: RefSeq Whole Gene, 5 ′ UTR, Exon, Intron, 3 ′ UTR, coding regions, promoter and Intragenic region based on RefSeq Whole Gene. A read/peak/DhMR was mapped to a given genomic region if they overlapped by ≥1 bp based on their coordinates in the genome. For mapping 5-hmC reads to repetitive elements, reads were aligned to the RepeatMasker track of NCBI37v1/mm9 using Bowtie, using the same parameters as in sequence alignment. Aligned reads were assigned to repeat classes defined by RepeatMasker.
Evaluation of the 5-hmC content in different genomic regions
The content of 5-hmC in a particular type of genomic region such as exons, introns, UTRs or a user-defined window was quantified using the number of reads (uni-map reads, more exactly) as the measurement. As the sequencing depth of each sample varied, the number of reads was first normalized by the total reads of the sample to give a value with the unit being reads per million (RPM). A RPM value was further converted to a density value by dividing the former with the length of a genomic region. For evaluating the 5-hmC contents in genomic regions such as chromosomes, gene bodies, exons, introns, UTRs, promoters, intergenic regions, CpG islands, DhMRs, the numbers of reads in the peaks that mapped to these regions were used. Any read that was not in a peak was not counted. For the repetitive elements, however, all reads were counted without considering whether they were in a peak, and abundance in a repeat class was represented by the percentage of reads mapped to this class in all repeat-mapped reads.
Read coverage and visualization
Genomic views of read coverage were generated using Integrated Genomics Viewer tools and browser (IGV 1.4.2, http:// www.broadinstitute.org/igv/, last accessed date on May 14, 2013) with a window size of 300.
Ingenuity pathway analysis
Genes with ≥1 DhMRs were listed and used as input dataset for the IPA software (Ingenuity Systems, www.ingenuity.com; Redwood City, CA, USA). By applying IPA, the gene sets can be functionally annotated and the biologically relevant pathways could be identified.
RNA isolation and mRNA level of DhMR-containing genes
The brain striatum and cortex samples from four WT mice and four YAC128 mice of 3-month-old were collected. Total RNA was extracted from 30 mg of each sample using the Tissue RNA Extraction kit (Tiangen) following the standard manual. The complementary DNA (cDNA) of 1 mg RNA sample was reverse-transcribed using the First Strand cDNA Synthesis kit (Promega). The cDNA was diluted with sterilized ddH 2 O at the rate of 1:4 for Q-PCR.
The expression of DhMR-enriched genes in the four WT and four YAC128 mice striatum and cortex samples was detected and Q-PCRs were performed in triplicate. The gene expression levels were quantified relative to the expression of mouse GAPDH gene, employing an optimized comparative C t (DDC t ) value method. The primers designed for target genes and internal control GAPDH are shown in Supplementary Material, Table S1 .
Statistics
Data are expressed as the mean + standard error of the mean (s. e. m.), and statistical significance of differences between different groups was assessed using the t-test or ANOVA with P , 0.05.
SUPPLEMENTARY MATERIAL
Supplementary Material is available at HMG online.
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